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Tri-Axial Force Sensor in a Soft Catheter Using
Fiber Bragg Gratings for Endoscopic

Submucosal Dissection
Ramzi Ben Hassen, Arnaud Lemmers, Alain Delchambre

Abstract— Endoscopic Submucosal Dissection (ESD) is an ad-
vanced endoscopic technique with renowned clinical benefits but
still a challenging procedure. The lack of force-feedback leading to
insufficient or excessive contact force between the tip of the knife
and the tissue, i.e ineffective treatment or dangerous perforation,
makes ESD requiring a high level of expertise and dexterity to mas-
ter it, especially for trainees. In this paper, we propose to enhance
the training in ESD by integrating Fiber Bragg Gratings (FBGs) as 3
degrees-of-freedom optical force sensors into the polymer catheter
of the electrosurgical knife aiming to measure Fx, Fy and Fz. 3 FBGs
are placed circumferentially to the section of the catheter using
nitinol tubes and a 2-point pasting method. A force calibration test
bench was specifically designed to calibrate the force sensor in 30 3D spatial directions that cover most of its use cases.
Non-linear regression models were implemented to tackle the non-linearities between the wavelength shifts of the FBGs
and the forces applied, inherent to prototyping errors and non-linearity of the soft material. A hybrid model made of mono-
and bi-layered neural networks for the prediction of Fx and Fy and a support vector regression for the prediction of Fz was
built and showed root-mean-square error (RMSE) along transverse directions (XY) less than 3% of the full scale [-500;
500] mN and RMSE less than 10% along the axial direction (Z). These models were also verified in dynamic conditions.
The results are promising and satisfying all the technical requirements.

Index Terms— Endoscopic Submucosal Dissection (ESD), Fiber Bragg Gratings (FBGs), Force sensor, Force calibration,
Regression model, Therapeutic endoscopy, Training in ESD.

I. INTRODUCTION

A. Motivation

THERAPEUTIC endoscopy using long, thin and flexible

endoscopes enables the treatment of multiples digestive

tract disorders by the mean of advanced endoscopic techniques

[1]–[3]. This allows the development of very low invasive

procedures that reduce patients burden and shorten stays in

hospitals, not mentioning the fact that it enables also less mor-

bidity and mortality compared to the surgical approach. One

of these therapeutic procedures is the endoscopic submucosal

dissection (ESD).
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ESD enables the en bloc complete resection of gastroin-

testinal tumors regardless of their size or location. More-

over, compared to the more traditional endoscopic mucosal

resection (EMR), ESD shows a lower recurrence rate and a

better histopathological assessment to determine whether the

treatment was curative or not [3]. It is performed by several

tools passing through the working channel of an endoscope

and consists in firstly delineating the margins of the lesion

using cautery (A on figure 1a). Then, in order to elevate

the lesion from the underlying muscular layers and allow

safety margins for the followings steps, a lifting agent (mostly

colloid solution (i.e glycerol) or saline) is injected into the

submucosa (B). The mucosa of the tumor is subsequently cut

circumferentially using an electrosurgical knife (C). Finally,

the submucosa beneath the lesion is dissected in a free-hand

manner until the target tumor is completely resected (D-F) [6].

The endoscopic view of ESD is illustrated in figure 1b.

Since its first application in Japan, ESD has rapidly grown

in Southeast Asia where expertise was easily found. Hence,

there is a lack of diffusion and adoption of ESD in Western

countries despite a huge amount of publications on this topic.

Several reasons can be listed to explain it and can be grouped

in three major sets that are (i) the lack of understanding of the

clinical benefits of ESD, (ii) the lack of training methodology
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(a)

(b)

Fig. 1: (a) Steps of ESD [4]. (b) Endoscopic view of ESD [5].

and expertise centers (iii) and the technically demanding skills

required to perform the procedure. The latter is a major

challenge of ESD because a high level of training and dexterity

is needed to safely perform it and prevent longer procedure

time and complications, mainly perforation and bleedings [3],

[7]–[9].

B. Related technical solutions

Several technical solutions to help physicians master ESD

have been provided in the literature. One of the causes that

complicates the procedure is the lack of bimanual dexterity due

to the endoscopic framework in particular during the dissection

phase where it would be useful to maintain the dissected tissue

in traction in order to complete the resection so it doesn’t hang

down over the working field. In 2018, [10] developed a robotic

system called ESD Cyclops. The design consists on a robotic

surgical attachment composed of a deployable scaffold and

two arms that can be mounted on the end of any flexible

endoscope. Another attempt to resolve the tissue traction

difficulty and avoid blind dissection of the mucosa is brought

by [11] and relies on a suture pulley countertraction method.

Other studies suggested to gain visualization during ESD by

using a magnetic anchored-guided procedure (MAG-ESD) for

gastric [12] and colorectal lesions [13]. After marking the

lesion and beginning the incision of the mucosa, the principle

is to place a neodymium magnet on th edge of the lesion by

the use of an hemoclip. An external magnet is maneuvered

with an arm to offer proper counter traction in function of

endoscopist needs. Multi-task robotic endoscopy platforms

have also blossomed such as the EndoSamurai (Olympus,

Japan) [14], the MASTER (EndoMaster, Singapore), ISIS-

Scope/STRAS system, the Scorpion shaped robot [15], the

RAFE (robotic-assisted flexible endoscope) [16] among others

[14], [17]. A recent work developing a snake-like flexible

robot [18] aiming to be flexible enough for easy insertion and

to maintain a rigid shape to transmit the forces applied on

instrumentation still need to demonstrate its ability during ESD

surgeries. Most of these technical solutions were primarily

focused on providing tissue counter traction during dissection

phase, gaining bimanual dexterity or maneuverability. Hence,

these propositions have never been adopted widely and in

clinical daily practice. The bulkiness of robotic platform as

well as the mechanical- or magnetic-based counter traction

methods have complicated ESD with new steps such as the

anchoring of magnets or suturing that added new learning

curves. Robotic devices on the other hand extended the number

of operators and didn’t demonstrate a clear usability to ESD.

C. FBG force sensor

The lack of force feedback during the procedure might play

a significant role in its slow adoption and in particular during

training. This is specific to most of endoscopic procedures be-

cause the tools to operate used by the physician passes through

the working channel of the endoscope which is relatively long

(up to more than 1 meter) and induces friction forces which

make the useful forces, i.e. the interaction forces between the

tip of the tool and the tissue to treat, completely drowned

and lead to a loss of haptic information to the physician. This

might be critical for ESD where the adverse events such as

perforations are likely to happen. A force feedback system

would be relevant to flatten the learning curve of ESD by

helping trainees adjust the right amount of force during the

procedure (not too high to avoid perforation but sufficiently to

have an effect on tissue) and make it more accessible and safer.

This system should be directly integrated to the electrosurgical

knife in order to avoid bringing the disadvantages mentioned

before, namely the adding of new steps to ESD protocol and

the augmentation of operators.

Fiber Bragg Gratings (FBGs) are particularly fitted to fulfill

the force sensing function because of their intrinsic properties

of flexibility, high sensitivity, biocompatibility (according to

ISO 10993 [19]), chemical inertness, robustness to electro-

magnetic interference as well as their small size that make

them very appropriate for the development of force sensing

medical devices.

Prior work has been implementing FBG as force sensors

for surgical instruments or endoscopic devices. In the field

of cardiac procedures, Li et al. [20] designed an ablation

catheter with an FBG sensor composed of 5 fibers and a

force-sensitive flexure in an aluminum alloy (typical hinge

design) able to sense the forces in 3 directions. For the

same application, Gao et al. [32] developed a 3 DOF force

sensor using 4 FBGs. They used a deformable structure with

parallel flexural hinges to have a good balance between axial

(low) and transverse (high) stiffness. He et al. proposed for

vitreoretinal surgery [31] a high resolution submillimetric 3

DOF force sensing pick instrument using 4 FBGs. Deng et al.

[21] implemented also 4 FBGs in a miniature triaxial force
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sensor integrated at the tip of a flexible ureteroscope designed

with a notched flexure of multilayer continuous beams to

avoid the crosstalk between axial and lateral forces. Ping et

al. [22] proposed a miniaturized flexible instrument based

on contact-aided compliant mechanisms and FBG sensing for

intraoperative gastric endomicroscopy implementing 3 FBGs

equally distributed on the circumference of the catheter for

transverse force sensing and one off-centre FBG for axial

force measurements, allowing the space for a central hollow

for the probe. Similarly, Wu et al. developed a 3 DOF force

sensor using 3 FBGs in the field of robotic bronchoscopy,

in particular optical biopsy using probe-based confocal laser

endomicroscopy (pCLE) [33] using only 3 FBGs for 3 DOF

sensing. Lai et al. [23] developed a standalone tri-axial force

sensor that can be seamlessly integrated into an endoscopic

robotic arm to measure pulling and lateral forces. 3 FBGs are

embedded in the sensing structure, where one is located at the

center hole of the structure (diameter 1.4 mm), and the other

two are eccentrically placed around the structure. Although

these studies provided force sensing devices using FBGs, most

of them have structures and hinges difficult to fabricate or the

FBGs are exposed to environment, which is not suitable for

endoscopic application and moreover those devices are made

of rigid material with limited flexibility.

D. Paper contributions and structure

As mentioned in the previous section, several limitations can

be encountered when implementing FBGs as a force sensor,

such as dimensional bulkiness and complex design. In this

paper, we propose a triaxial force sensor in the catheter of

an electrosurgical knife using FBGs to flatten the learning

curve of ESD, which to the best of the author’s knowledge

has not yet been achieved. The proposed sensor is designed to

be 1) simple with no notch or complex mechanical structure,

2) easily fabricated by accommodating the FBGs in a soft

material substrate obtained by simple extrusion, while 3)

enabling 3 DOF force sensing using only 3 FBGs thanks to a

hybrid machine learning model. These 3 features are the main

contributions of this work.

The rest of the paper is structured as follows: Section II

covers the design of the sensor from the theoretical aspect

of FBG and technical requirements to prototyping and force

calculation method. Section III presents the experimental setup

and protocol for force calibration of the sensor. Section IV is

related to the results of the calibration and how non-linearities

are dealt with using a hybrid machine learning model along

with the performance evaluation of the force sensor. Finally,

a discussion of this work and future improvements is given in

Sections V and VI.

II. DESIGN OF THE SENSOR

A. Requirements

An electrosurgical knife is mainly composed of two parts

: a catheter made of soft polymer and a conductive wire

that is literally responsible of the electrocautery. The latter

is embedded inside the catheter. Several options are possible

on the manner to integrate FBGs in an electosurgical knife

Dimensions
FSD diameter < 2.8 mm
FSD length ≥ 1600 mm

Sensing performance
Range of forces [-500;500] mN for Fx and Fy

[0:500] mN for Fz

Resolution 5 mN

TABLE I: Main requirements for the design of the FSD.

to measure the tool’s interaction forces at its tip: directly

implementing the gratings on the conductive wire or on the

catheter or a combination of both. The best configuration is

inspired by a patent filled by Université libre de Bruxelles

(US10022190B2) and depicted in figure 2. The FBGs are

equally distributed distally on the circumference of the catheter

in their peripheral respective lumen and a central hollow is

meant to host the conductive wire of the electrosurgical knife.

This design allows to avoid prototyping or manufacturing a

new conductive wire with grooves to host the FBGs with no

guarantee that it would not heavily impact the electrocautery

itself and thus the safety of ESD. From now on, the device

to develop is then a catheter with integrated FBGs and

will be called force sensing device (FSD).

The geometry of the FSD should fit the diameter of the

endoscope’s working channel which is usually 2.8 mm. As

for its length, it needs to be greater than 1600 mm which is

the minimum length of the working channel.

The number of DOF should be three since ESD is performed

in 3 spatial directions : laterally, up and down and along the

axis of the tool during both incision and dissection phases.

To the authors knowledge, no data in the literature provide

the amount of force exerted during an ESD. However, some

studies [22], [24], [33] give an indication of the average con-

tact forces during a classic colonoscopy or an endomicroscopy

which are in the range of 0-600 mN. Therefore, for the purpose

of this work, the range of forces expected to measure will be

defined by default between -500 mN and 500 mN for the

transverse forces Fx and Fy and between 0 and 500 mN for

the axial one Fz . The resolution expected for that range of

force would be 5 mN, i.e. maximum 1% of the full scale.

The main requirements are summarized in table I.

B. Structure and working principles

1) FBG sensing mechanism: The sensing mechanism of

FBG is well known and has been used in a very diverse

range of applications. The working principle is shown in

Figure 3. When light propagates through the fiber, the periodic

perturbation of the refractive index along a certain length of the

fiber, called the Bragg grating, reflects the Bragg wavelength.

The latter is influenced by strain and temperature applied to

the grating [28].

The sensitivity to strain and temperature is described by the

following equation 1:

λB = 2neffΛ , (1)

where λB is the Bragg wavelength, neff the effective refrac-

tive index and Λ the period of the grating. Typical lengths of

uniform gratings vary from 1 mm to 10 mm. The temperature
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Fig. 2: CAD model of the force sensing device (a) illustration of the FSD in the working channel of an endoscope (b) exploded

view of the close up (c) section view of the distal force sensing part.

Fig. 3: Principle of Fiber Bragg Grating [28].

affects λB through the thermal expansion and the thermo-optic

effect while the strain influences the Bragg wavelength by

changing the grating’s period and due to elastic-optic effect

[29]. The shift in Bragg wavelength can be described by

equation 2 :

∆λB/λB
= (α+ ξ) ·∆T + (1− Pe) ·∆ϵ , (2)

where ∆T , ∆ϵ are the variation in temperature and strain

respectively, α the thermal expansion coefficient (C−1), ξ
the thermo-optic coefficient (C−1) and Pe the elasto-optical

coefficient. The coefficients are considered constant. Giving

equation 2, the temperature and the strain can be measured

by detecting the center wavelength of the reflected spectrum.

This cross-sensitivity makes the use of FBGs for only strain

or force sensing a challenge because of the need to decouple

the temperature’s influence. Moreover, a calibration process

is crucial to compute a relationship between the wavelength

shifts caused by strain and the applied force in its three

components.

2) Components: The device is made of three main parts : a

soft polymer catheter, optical fibers with inscribed FBGs and

nitinol tubes. The first is designed in a way to allow a central

lumen to place the electrosurgical tool and several peripheral

multilumen to host the optical fibers. It has been manufactured

by Transluminal (France) according to our requirements. To

control the adhesion process of the fiber to the catheter

using cyanoacrylate (Loctite) and avoid introducing high non-

linearities for the strain transfer from the tip of the catheter to

the FBG itself, nitinol tubes (Johnson Matthey, USA) are used

to enable a two-point pasting method as described by [25], [26]

who suggested that gluing the FBG at its two ends only enables

to apply a pretension which allows direct compression and

stretching along its axial direction and improves sensitivity and

resolution while avoiding chirping failure. This method allows

the grating itself to be clear from any adhesive. The FBGs are

coated with polyimide and manufactured by AtGrating (China)

using the phase mask method. Their length is chosen to be

3 mm. Although long gratings have a higher signal-to-noise

ratio, the shorter the FBG the better stability against strain

gradients [27]. Therefore, 3 mm seems to be a good trade-

off length which has already been implemented in similar

work [31], [33] with very satisfactory results in terms of force

resolution. The properties of the FBGs are listed in table II.

Properties FBG1 FBG2 FBG3

Bragg Wavelength 1550.104 nm 1554.918 nm 1559.857 nm

Bandwidth 0.564 nm 0.529 nm 0.535 nm

Reflectivity 70.14% 66.50% 70.14%

TABLE II: Optical properties of the FBGs used in the FSD.

They all are 3 mm long.

Table III summarizes the materials properties of the com-

ponents of the FSD.

C. Prototyping and assembly

The first step illustrated in figure 5a consists in cutting

the fiber and the nitinol tube according to the dimensions

mentioned in figure 2. Because the nitinol tube has an outer

diameter close to the inner diameter of the catheter’s lumen

and thus to avoid too much friction in the insertion phase,
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Component Material Young’s Modulus

Optical fiber SiO2 + polyimide coating Around 16.56 GPa

Catheter Pebax 7233 SA 01 MED 510 MPa

Tubes Nitinol 28 to 41 GPa

Adhesive Cyanoacrylate /

TABLE III: Materials used in the FSD.

the bare fiber is primarily inserted into the catheter before

attaching it to the nitinol tube. Once this step realized, the fiber

passes through the nitinol tube until its distal tip reaches the

end of the latter where the first point pasting using cyanoacry-

late (Loctite) is applied. Afterwards, the whole is placed on a

pretension bench. A tension is applied and monitored with a

software to evaluate the effect on the wavelength shift of the

FBG. The second point pasting is performed on the other end

of the nitinol tube. Several software checks are done to verify

that the tension is still applied even after release of the fiber.

Once the tension on all the fibers was implemented (see figure

5b), a pure mechanical insertion of the nitinol tube inside the

catheter was conducted. The friction is sufficiently high to not

require the use of glue to secure the whole assembly. The

final prototype is illustrated in figure 5c. The flow chart of the

prototyping and assembly process is described in figure 4.

Fig. 4: Prototyping flow chart which is applied for each FBG.

D. Force calculation method

Due to non-linearites that are introduced because of impre-

cisions in manufacturing and FBGs installation on the sensor,

mathematical model can be quite limiting in describing the

device behavior when external forces are operating on it. Fur-

thermore, the more complex they get, the more computational

efficiency they loose. In fact, the resolution of the inverse

matrix K (see equation 3) describing the relationship between

wavelength shift and measurand (strain and temperature) can

become quite demanding when the device is geometrically

sophisticated [30].

(a) The black tube is made of nitinol and
is cut at a length of 7 mm. The FBG is
represented by the red mark on the yellow
optical fiber.

(b) The fibers are pretensioned and the
FBGs are inside the nitinol tubes.

(c) Capture of the FSD made of 3 FBGs
encapsulated inside nitinol tubes inserted
into the multilumen catheter.

Fig. 5: Assembly process of the FSD.

∆F = K ·∆λ (3)

A first attempt to overcome this limitation was proposed

in [31] by using Bernstein polynomials as fitting method.

Other approaches in [32] and [33] consisted in applying

support vector regression to provide a model of 3 DOF force

prediction based on a supervised learning while an artificial

neural network has been used for the same purpose in [34] and

[30]. The challenge when using such algorithms is to choose

the right one, which needs several tests, and to accept to often

operate with a black box.

In this work, a data driven method has been implemented

to decouple the three components of the force Fx, Fy and Fz

based on the wavelength shifts of the FBGs only. A hybrid

supervised learning model using feedforward neural networks

(NNs) to calculate the transverse forces and support vector
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regression (SVR) with a gaussian kernel to compute the axial

compression force was trained and validated by K-fold cross

validation. The procedure that led to this regression model can

be summarized in the three steps as shown below :

1) Collect calibration data for training and testing;

2) Compare performance of NNs and SVR for each compo-

nent of the force (by selecting the best hyperparameters

using Bayesian optimization and grid search method);

3) Apply the cross validation method to evaluate the per-

formance of the selected supervised learning algorithm.

The study is conducted on the regression learner app of

Matlab where a lot of features are available including data

exploration, automated training and methods to optimize hy-

perparameters, among others.

III. CALIBRATION

A. Introduction

To be able to perform force sensing, a calibration of the

FSD is necessary to find a relationship between the wavelength

shifts and the forces applied on the tip of the device that

generate the latter in several spatial configurations that cover

mostly all the use cases of ESD.

B. Test bench

A specific test bench has been designed to achieve a 3 DOF

calibration to build a data based model of the wavelength

shifts-force relation. Figures 6 and 7 illustrate this test bench.

It is composed of several elements :

• an FBG interrogator (FBGS FBG 804D) to record the

optical responses of the FBGs and translate them to

wavelength shifts ;

• an analytical scale (Radwag, precision 0.1 g) to measure

the force applied on the tip of the prototype;

• a 1 DOF motorized linear stage with its controller (Thor-

labs);

• a 2 DOF manual rotary stages with a yaw-β and roll-α an-

gles allowing to represent a coordinate system explained

in the next section (III-C). The whole is assembled using

3D printed parts allowing the combined rotation of both

yawing and rolling angles.

• the prototype to calibrate fixed in a clamp able to rotate

along its longitudinal axis;

• a labview interface designed to receive simultaneously

the information of wavelength shifts and weight readings

from the interrogator and the scale while being able to

record the data during the calibration by saving them into

a text file.

C. Protocol

The calibration of the prototype consists in collecting a

large amount of training data to feed a regression model in

order to obtain the relationship between the forces acting on

the tip of the prototype and the wavelength shifts. For that

purpose, rolling and yawing angles α and β (see figure 9)

are defined along with a parameter d representing the forward

Fig. 6: Experimental setup for the data collection of the force

sensor during calibration.

Fig. 7: Block diagram of the calibration test bench highlight-

ing the data flow.

and backward distance traveled by the linear stage to build a

3 DOF coordinate system able to derive the three components

of the force as follows :

Fx = Fcosαcosβ (4)

Fy = Fsinαcosβ (5)

Fz = Fsinβ (6)

The first task is to define the values of α and β according

to the use cases of the FSD in endoscopic settings. Figure 8

illustrates a typical random orientation of an electrosurgical

knife during ESD. After analyzing several procedures, the

β angle varies in the range ]0°:90°[. The limit angles are

excluded. Indeed, with β = 0° the knife is in parallel to

the tissue to cut which doesn’t allow to penetrate it while

when β = 90° the tool is perpendicular to the tissue which is

very dangerous since perforation is most likely to happen in

that configuration. For the calibration purpose, the values of

β considered are ranged from 0° to 90° with a step of 15°

(extreme values are included even if they’re not commonly

used in ESD but here the goal is to ensure the ability of the

FSD to measure forces even in the limits). The value of the
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step is chosen as a trade-off to explore a sufficient number

of β angles without overwhelming the calibration procedure.

Concerning the α angle, ESD doesn’t constrains its values.

Practically, the physician positions the tool in a given α angle

and proceeds to the cutting an the dissection. This angle may

vary during the procedure. For the purpose of this thesis, the

range for the α angle corresponds to up/down and left/right

movements (XY plane) : 0°, 90°, 180° and 270°. In this way,

the transverse forces Fx and Fy are canceled alternately. This

will allow to verify the ability for the FSD to decouple the

force components. Considering these ranges, the combination

of α-β angles generates 28 directions.

Fig. 8: Left: endoscopic footage of an ESD. Right : Schematic

image of ESD [35]. α and β angles are highlighted in a typical

random orientation during an ESD procedure.

For each direction, i.e. couple of yawing and rolling angles,

the tip of the prototype is brought forward and backward

against the scale using the motorized linear stage. The applied

weight ranged from 0 g to 50 g (increments/decrements with

a step of 5 g) to obtain a force magnitude ranging from 0 to

500 mN for Fz and -500 to 500 mN for Fx and Fy . This

was applied three times for each direction to evaluate the

repeatability of the sensor and of the FBGs specifically.

Fig. 9: Definition of the rolling and yawing angles α and β.

Left (XY plane): section view of the prototype with β = 0.

Right (XZ plane): longitudinal view of the prototype with a

given yawing elevation.

IV. RESULTS

A. Non-linearity

Most of the shifts-weight relationships recorded during the

calibration process showed high non-linearity and hysteresis.

Indeed, the prototype imperfections as well as the influence

of viscoelastic effects du to the polymer which the catheter

is made of and the adhesive used to secure the FBGs inside

the nitinol tubes introduce these non-linear behavior as it is

illustrated in figure 10 for one group of experimental data

where α = 180° and β = 15°. This type of calibration data

will require the use of non-linear regression models for the

prediction of the force along XYZ directions.

Fig. 10: One group of experimental data (α = 180° and β
= 15°) where the straight line represents the mean of the

wavelength shifts from the three loading/unloading cycles and

the shaded area its standard deviation.

B. Repeatability

To evaluate the consistency of the force sensor response, a

repeatability examination has been performed. The calibration

data are made of 1980 samples where on sample corresponds

to one wavelength shift in function of the weight applied

against the scale (for instance 40 pm at 30 g during load

phase). Within the total number of samples, three repetitions

were conducted. The whole is divided into subsets where

each subset is composed of wavelength shifts measured with

the same calibration direction (α-β) and magnitude (scale

readings), generating 1980/3=660 subsets in total. The mean

and the standard deviation are computed for each subset,

the latter being a measure of the repeatability. All standard

deviations are combined per FBG to provide a repeatability

of 1.82 pm, 2.01 pm and 2.53 pm for FBG1, FBG2

and FBG3 respectively. Knowing that the interrogator has

a wavelength repeatability of 1 pm and a wavelength stability

ranges between 2 and 5 pm [31], the FSD demonstrates

a reliable repeatability consistent with the intrinsic optical

properties of the interrogator.

C. Force prediction

The non-linear regression models were trained with the

input calibration data using only the wavelength shifts of

FBG1, FBG2 and FBG3 as predictors. After following the

method described in section II-D, the models that were chosen
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using K-fold cross validation (K=5) are listed in table IV

along with their optimized hyperparameters. The root-mean-

square error (RMSE) obtained for the prediction of the three

components of the force Fx, Fy and Fz are also reported. The

performance are quite similar regarding the transverse forces

Fx and Fy . The RMSE is less than 3% of the full scale (f.s.)

which ranges from -500 to 500 mN. The prediction of the

axial force Fz is less accurate with an RMSE reaching almost

10% of the f.s. ranging from 0 to 500 mN.

Force Model Settings

Fx NN
Number of layers = 1

Size of layers = 400 nodes

Fy NN
Number of layers = 2

Size of layers = 200 and 100 nodes

Fz SVR
C = 1.2

ϵ = 0.0183
Kernel scale = 0.47

TABLE IV: Summary of the models trained to predict Fx, Fy

and Fz . The values reported are computed when the models

are applied to the training data and validated by 5 folds cross

validation.

Figures 11 (a) and (d) show that there is a very satisfying

correlation between predicted and actual values for the trans-

verse forces (respectively R2 equal to 0.96 and 0.98). Residual

errors concerning the prediction of Fx, i.e. the difference

between actual and predicted values, are also calculated to

evaluate the accuracy of the model on the training data set (see

figure 11 (c)). The mean error is 0.04 +/- 20.3 mN. It appears

that most of the residual error stays within +/- 50 mN which is

very satisfying knowing that the global RMSE error is equal

to 29.8 mN. This observation is even stronger for Fy where

the histogram is narrower around 0 mN (figure 11). The mean

error is 0.05 +/- 13.4 mN. Most of the residual errors remain

within +/- 25 mN which is slightly better that the performance

of the model predicting Fx but it still stays in the same order

of magnitude (just like the RMSE). Figures 11 (b) and (e)

illustrate that there is a low dependence of the residual error

to most of the actual force values with a noticeable exception

around 0 mN. The prediction of zero values for Fy is however

better than what is observed for Fx.

The SVR model for the prediction of the axial force Fz

provides an RMSE of 49.9 mN representing 9.9 % of the

full scale with a value for R2 equal to 0.87. The difference of

RMSE compared to the models predicting Fx and Fz is clearly

noticeable. In fact, it was expected that the prediction of

compression forces performs worse compared to the transverse

forces as it is even the case in the literature [32], [33]. One

explanation can be that the imperfections of the prototype such

as the non-planar section generates shear forces that cross talk

with the pure compression force. The viscoelastic deformation

of the soft polymer might also be a reason behind this lower

prediction capability of the force Fz on the training data. Since

Fz is calculated based on equation 6, the lower the value of

β, the lower the magnitude of Fz . It appears on the graph in

figures 12 (a) and (b) that for low values of β the residual error

Fig. 11: The predicted transverse force Fx versus the actual

value using (a) neural networks, (b) its residual error, and (c)

the histogram of the residual error of Fx. (d) The predicted

transverse force Fy versus the actual value using neural

networks, (e) its residual error, and (f) the histogram of the

residual error of Fy .

is greater. It can be explained by the fact that the lower β is,

the higher the transverse forces are (see equations 4 and 5) that

can cross talk with the compression force. The histogram of

the residual errors on the training data set are showed in figure

12 (c). The mean error is 2.2 +/- 37 mN. The dispersion is

clearly higher compared to previous models. Despite the fact

that most of the residual error stays within +/- 50 mN, the

distribution is more flat around 0 mN with two peaks probably

resulting from the black box internal operations of the SVR

model.

Knowing that the resolution of the interrogator is 1 pm,

one can derive the resolution of the FSD by taking the force

range divided by the smallest FBG wavelength shift range in

the calibration data for the three components of the force. The

results are 5.3 mN, 5.4 mN and 2.9 mN for Fx, Fy and Fz

respectively.

All the performance of the three models are reported in table

V.

D. Dynamic validation

Although a k-fold cross validation has been performed to

validate the non-linear regression models on the training data,

it is worth verifying the prediction ability of the force while

the FSD is subject to dynamic loading.

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2023.3313172

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.



BEN HASSEN et al.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS (FEBRUARY 2017) 9

Fig. 12: The predicted axial force Fz versus the actual value

using (a) support vector regression, (b) its residual error, and

(c) the histogram of the residual error of Fz .

The protocol consists in orienting the prototype in several

directions and randomly loading and unloading it against the

scale while the readings of the interrogator and the scale are

recorded on the same test bench described in figure 6. To be

able to use the models, the directions chosen are in the range

of the calibrated directions (known α-β) as well as the range

magnitude of the force applied. For that purpose, two testing

data are generated. The first is made with the combination of

directions 0°-45° and 180°-15° while the second is made with

the combination of directions 90°-15° and 90°-45°. The choice

of these angles allows that both data sets are alternatively

canceling Fx and Fy to verify the ability of the models to

correctly predict 0 values.

In figure 13 (a), the predicted values of Fx are closely

following the actual values measured during the validation test.

The global RMSE obtained for the prediction of Fx is 34.5 mN

with R2 equal to 0.96 which is consistent with the performance

of the model on the training data. The mean residual error is

equal to 0.05 +/- 34.6 mN. As for the prediction of Fy in

figure 13 (b), the RMSE is 7.6 mN. One can observe that the

predicted values are close to the actual ones. The calculated

mean residual error is equal to 3.5 +/- 9.3 mN. The results

are acceptable. The NN model along Y-direction is able to

Force Range [mN] RMSE R
2 Accuracy Resolution

Fx [-500 ; 500]
29.8 mN

0.96
0.04

5.3 mN
2.9% of f.s. +/- 20.3 mN

Fy [-500 ; 500]
23 mN

0.98
0.05

5.4 mN
2.3% of f.s. +/- 13.4 mN

Fz [0 ; 500]
49.9 mN

0.87
2.2

2.9 mN
9.9% of f.s. +/- 37 mN

TABLE V: Summary of the performance of the models trained

to predict Fx, Fy and Fz . The values reported are computed

when the models are applied to the training data and validated

by 5 folds cross validation. The mean residual errors are taken

as a measure of accuracy.

Fig. 13: (a)-(c) : Prediction of Fx, Fy and Fz when α-β ranged

from 0°-45° to 180°-15°. (d)-(f) : Prediction of Fx, Fy and Fz

when α-β ranged from 90°-15° to 90°-45°.

correctly predict zero values of Fy and thus decouple the

transverse forces. As expected after analyzing the performance

of the SVR model on the training data, the prediction of Fz

is less efficient than the transverse forces Fx and Fy even in

testing data. The global RMSE is equal to 47.2 mN with R2

worth 0.71. These results can be observed in figure 13 (c)

where there is a poorer superposition of predicted and actual

force values. The mean residual error is equal to 0.9 +/- 47.3

mN.

The prediction of Fx illustrated in figure 13 (d) showed a

RMSE of 23.4 mN which is higher than the RMSE calculated

for Fy (7.6 mN) when it was supposed to be equal to 0. One

can conclude that the NN model computing Fy is better to

predict zero values than the NN model related to Fx. However,

even if the RMSE is higher than expected, the mean residual
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error is equal to 3.4 +/- 13.5 mN. The prediction of Fy in

the second testing data set is excellent. The superposition

of predicted and actual values is very close (see figure 13

(e)). The RMSE obtained is 17.7 mN with R2 equal to 0.96.

The mean error is equal to 0.2 +/- 17.8 mN. Finally, the

computation of Fz in this last configuration provided a RMSE

equal to 66.7 mN with R2 worth 0.42 which indicates a poor

superposition of predicted versus actual force values as it is

observed in figure 13 (f). The mean error is 15.7 +/- 64.9

mN. Comparatively to the prediction of Fz in the first testing

condition, here the results are less qualitative.

V. DISCUSSION

A. General performance

For comparable dimensions and force range, the FSD shows

resolution values in both lateral and axial directions that are

in the same order of magnitude as those reported in the

literature [20], [22], [32], which is satisfying knowing the

effects due to the use of soft polymer as substrate for the

FBGs. Although a more rigid notched structure could bring

some functionalities to reduce the crosstalk errors of the force

components, it also has the consequence of complicating the

design and increasing the risk of fracture. In addition, the

use of high-frequency current for ESD applications implies a

preference for non-metallic material to prevent possible current

leakage, which is completely avoided by using soft polymer.

The force prediction performance in terms of RMSE is also

comparable to similar FBG based force sensors with less

than 2.9% error on full scale for lateral forces (Fx and Fy)

[21], [22]. However, the RMSE of axial force prediction is

slightly less than 10%, which is higher than some previous

studies [21], [32], but using only 3 FBGs instead of 4. In this

case, the performance is comparable to the existing metallic

FBG-based force sensor [22]. This work has thus provided a

successful FBG-based force sensor for a flexible soft polymer

catheter without the need for a notched metallic complex

structure. Most importantly, the sensor shows good consistency

with reliable repeatability under laboratory conditions. Further

work should be carried out to evaluate this consistency in

a humid and thermally varying environment, i.e. a GI tract.

However, the use of a data-driven approach to model the force

prediction capability of the sensor helps to capture the intrinsic

non-linearities and hysteresis that occur during calibration

and provide the satisfactory results in dynamic validation.

Increasing the number of calibrated directions could improve

the consistency of the sensor in real-world conditions.

B. Temperature compensation

Temperature has been neglected in these experiments, since

all the tests have been carried out in a stable thermal envi-

ronment, although slight temperature perturbations could have

an effect on the measurements, especially in the force range

chosen in this work, as it has been reported previously [30].

However, an active method to compensate for temperature

influence on force measurements has to be implemented

since endoscopic submucosal dissection is a heat producing

procedure that will definitely impact the FBGs sensitivities

[36].

Several means can be considered for that purpose includ-

ing the use of chirped and tapered FBGs [37], [38], dual-

wavelength FBGs [41], in-fiber Bragg gratings [42] or an extra

unstrained reference FBG [39]. The latter has been investigated

in an endoscopic device in [40] and appears to be the most

promising. This method is most likely to be implemented in

the next iteration of the FSD to compensate for temperature.

C. Material and assembly

The use of soft material as a substrate for the nitinol tubes

and the FBGs had a direct impact on the calibration data by

showing viscoelastic effects and non-linearities. The choice

of more rigid material could solve this issue but is still not

sufficient since conventional catheter are made soft to maintain

flexibility to move according to the endoscope in the GI tract.

Using other types of adhesives like epoxy [43] with lower

viscoelastic effects could also substantially increase quality of

the force measurements.

Improvements can be achieved also in the prototyping

process since it is currently made manually which is prone

to human error inducing a low accuracy of the assembly. In

particular, the level of precision is limited when placing the

FBGs inside the nitinol tubes which can lead to misalignment

that could explain the lower results of the prediction of Fz

under axial loads. However, the use of a data driven approach

has limited the uncertainty of the assembly but further work

still has to be conducted in this regard.

D. Versatility

Although this 3 DOF force sensing catheter has been

developed for the purpose of acquiring force information

during ESD, its design allows to explore other endoscopic

applications since the central lumen can host other tools than

an electrosurgical knife. Actually, this force sensing device

can be intended for tissue palpation, needle injection or

elastography.

VI. CONCLUSION

A 3 DOF force sensing device (FSD) has been designed

and implemented for the application of endoscopic submucosal

dissection. This is the first flexible catheter made of soft

polymer implementing FBGs for 3 DOF force sensing to the

knowledge of the author. The challenge to embed several FBGs

into a device with endoscopic dimensions (diameter less than

2.8 mm) while allowing the space for an electrosurgical wire

as the principal tool was successfully achieved. A minimalist

design has been implemented requiring 3 FBGs placed inside

of nitinol tubes circumferentially to the section of a catheter.

A force calibration test bench was specifically designed to

calibrate the FSD in 30 3D spatial directions that cover most

of its use cases. The challenge of tackling the non-linearities

between the wavelength shifts and the forces applied on

the tip of the catheter, due to prototyping imprecision and

presence of viscoelastic material such as the soft polymer
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which the catheter is made of and adhesive, was managed by

the implementation of non-linear regression models. A hybrid

model made of mono- and bi-layered neural networks for the

prediction of Fx and Fy and a support vector regression for

the prediction of Fz was built and validated with k-fold cross

validation. The device is able to measure forces in the range

of [-500 ; 500 ] mN for transverse forces and [0 ; 500] mN

for axial force. RMSE along X- and Y-directions are equal

to 29.8 mN and 23 mN respectively representing less than

3% of the full scale while RMSE along Z-direction is equal

to 49.9 mN which is less than 10% of the full scale. These

models were also verified in dynamic conditions. The results

are promising and satisfying all the technical requirements.

Further work should implement a robust temperature compen-

sation technique in order to validate the 3 DOF force sensor

in ex-vivo animal settings during ESD procedure. For that

purpose, an automation of the calibration bench is necessary to

avoid human error during the process, reduce its duration and

enhance its repeatability from one device to another. Finally,

a force-feedback visual interface will also be designed and

integrated to the force sensing device.
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